Tsetse flies (Glossina spp.) vector pathogenic African trypanosomes, which cause sleeping sickness in humans and nagana in domesticated animals. Additionally, tsetse harbors 3 maternally transmitted endosymbiotic bacteria that modulate their host's physiology. Tsetse is highly resistant to infection with trypanosomes, and this phenotype depends on multiple physiological factors at the time of challenge. These factors include host age, density of maternally-derived trypanolytic effector molecules present in the gut, and symbiont status during development. In this study, we investigated the molecular mechanisms that result in tsetse's resistance to trypanosomes. We found that following parasite challenge, young susceptible tsetse present a highly attenuated immune response. In contrast, mature refractory flies express higher levels of genes associated with humoral (attacin and pgrp-lb) and epithelial (inducible nitric oxide synthase and dual oxidase) immunity. Additionally, we discovered that tsetse must harbor its endogenous microbiome during intrauterine larval development in order to present a parasite refractory phenotype during adulthood. Interestingly, mature aposymbiotic flies (Gmm Apo ) present a strong immune response earlier in the infection process than do WT flies that harbor symbiotic bacteria throughout their entire lifecycle. However, this early response fails to confer significant resistance to trypanosomes. Gmm Apo adults present a structurally compromised peritrophic matrix (PM), which lines the fly midgut and serves as a physical barrier that separates luminal contents from immune responsive epithelial cells. We propose that the early immune response we observe in Gmm Apo flies following parasite challenge results from the premature exposure of gut epithelia to parasitederived immunogens in the absence of a robust PM. Thus, tsetse's PM appears to regulate the timing of host immune induction following parasite challenge. Our results document a novel finding, which is the existence of a positive correlation between tsetse's larval microbiome and the integrity of the emerging adult PM gut immune barrier.
Introduction
Tsetse flies (Glossina spp.) serve as the sole vector of protozoan African trypanosomes (Trypanosoma brucei spp.), which are the causative agents of Human African trypanosomiasis (HAT), or sleeping sickness, throughout most of sub-Saharan Africa. Additionally, parasites from this same species complex also infect domesticated animals, causing an economically devastating disease called nagana. During their lifecycle through mammalian and tsetse hosts, African trypanosomes undergo a genetically complex differentiation process. Once in the fly, stumpy form mammalian trypanosomes differentiate to become procyclics [1, 2] . At this point most tsetse hosts can efficiently clear their infections [3] . In fact, despite the large number of infected animal reservoirs and high disease burden in Africa, relatively few tsetse flies (,5%) are able to successfully transmit trypanosomes to susceptible mammalian hosts [4] . Furthermore, even under ideal laboratory-based conditions, only a small proportion of adult flies are able to transmit parasites to a naïve host [4, 5] .
Several physiological factors have been identified that may contribute to tsetse's natural trypanosome refractory phenotype. These include fly age and nutritional status at the time of exposure to infectious trypanosomes [6] [7] [8] , antimicrobial peptides (AMPs) [9, 10] , trypanosome-binding lectins [11, 12] , gut-associated EP protein [13, 14] , reactive oxygen species (ROS) [15, 16] and parasite inhibitory peptidoglycan recognition protein LB (PGRP-LB) [17, 18] .
Many insects that transmit mammalian disease also house gutassociated microbes that modulate their vector competence [19] [20] [21] . In anopheline mosquitoes, malaria infection outcomes can be directly modulated by the host gut microbiome. For example, commensal bacteria (Enterobacter spp.) found naturally in the Anopheles gambiae midgut produce reactive oxygen species that directly inhibit Plasmodium development [22] . Alternatively, commensal fauna in the mosquito gut can indirectly regulate infection outcomes by boosting host immunity, which in turn detrimentally impacts pathogen transmission. This phenomenon was observed when malaria infection outcomes were observed in septic and aseptic adult A. gambiae flowing challenge with Plasmodium gametocytes. Specifically, adult mosquitoes that lacked their microbiome displayed an increased susceptibility to parasites, while their counterparts that housed endogenous bacteria were highly resistant [23, 24] . These high infection outcomes were attributed to the absence of microbiome-induced anti-Plasmodium immune responses in aseptic mosquitoes. Tsetse flies harbor 3 distinct endosymbiotic bacteria that are intimately associated with their host's physiology. These symbionts, obligate Wigglesworthia, commensal Sodalis and parasitic Wolbachia, are maternally transmitted during tsetse's unique viviparous mode of reproduction [25, 26] . Unlike mosquitoes, the gut microbiome of adult tsetse is dominated by Sodalis and Wigglesworthia [27] , which may be reflective of the fact that tsetse feeds exclusively on sterile vertebrate blood. In an effort to understand the immunological relationship between tsetse and its microbiome, our laboratory has developed fly lines that contain altered symbiont populations. These dysbiotic fly lines, designated Gmm Wgm2 and Gmm Apo , either lack only obligate Wigglesworthia, or all of their symbiotic microbes, respectively, throughout their entire lifecycle. Trypanosome infection outcome experiments revealed that Gmm Wgm2 individuals are significantly more susceptible to infection with trypanosomes than are their wild-type counterparts [17, 28] . This susceptible phenotype was subsequently determined to result from the fact that Wigglesworthia-free adults posses less trypanocidal PGRP-LB than do their parasite refractory wild-type (Gmm WT ) counterparts [17, 18] . Later studies revealed that both Gmm Wgm2 and Gmm Apo individuals exhibit a highly irregular expression pattern of humoral and epithelial immunity-related genes and are unusually susceptible to hemocoelic infection with normally non-pathogenic E. coli K12. Furthermore, Gmm Wgm2 flies contained a markedly deplete population of cellular immunity-associated sessile and circulating phagocytic hemocytes, while this cell type was entirely absent from aposymbiotic counterparts [29, 30] . To date no information exists regarding how Gmm Apo flies respond immunologically following challenge with pathogenic trypanosomes, or how this immune response subsequently influences infection outcomes.
To further our understanding of the molecular mechanisms that underlie tsetse's parasite refractory phenotype, we investigated the relationship between fly age and symbiont status as they relate to host immunity and trypanosome infection outcome. We analyzed immunity-related gene expression in Gmm WT teneral and mature adults, and mature Gmm Apo adults, following challenge with trypanosomes, and then correlated these data with the infection outcomes we observed in these distinct fly lines. Information obtained from our gene expression analysis also led to the discovery of what may be a novel mechanism that passively modulates tsetse's ability to detect, and thus subsequently respond to, immunogenic parasites. Our results provide further insights into how tsetse's endogenous symbionts regulate their host's immune response.
Results
Tsetse's resistance to trypanosome infection depends on fly age and microbiome status Previous studies suggest that host age and microbiome status modulate the ability of insect disease vectors to transmit mammalian pathogens [7, 17, 20, 21] . In this study we set out to evaluate how these physiological parameters impact tsetse's ability to transmit pathogenic African trypanosomes. We began by investigating the relationship between tsetse age at the time of trypanosome challenge and subsequent infection outcomes. Previous studies have demonstrated that adult tsetse newly eclosed from their pupal case (which is known as the teneral state) are highly susceptible to infection with trypanosomes [6, 7] . We confirmed that tsetse from our laboratory colony also exhibited the 'teneral phenomenon' by challenging adult flies with a parasite-infective blood meal one day post-eclosion from their pupal case. We found that 54% of teneral Gmm WT adults harbored midgut trypanosome infections when their 1 st blood meal contained infective parasites (Table 1) . For comparative purposes, we found that only about 3% of mature (challenged 8 days posteclosion from their pupal case) Gmm WT individuals became infected with trypanosomes following the same challenge. These findings demonstrate that teneral flies from our colony are highly susceptible to infection with trypanosomes.
We next investigated whether tsetse's microbiome influences fly susceptibility to trypanosomes. To do so we made use of a tsetse line, designated Gmm Apo (Apo, aposymbiotic), that is devoid of all of its endogenous symbiotic microbes ( Figure S1A ) [28, 31] .
Mature Gmm
Apo individuals were challenged with T. b. rhodesiense BSF trypanosomes to determine whether infection outcome correlated with the presence and composition of tsetse's microbiome. Following per os challenge with trypanosomes in their 4 th blood meal, 58% of mature Gmm Apo adults had established trypanosomes infections in their gut (Table 1) . Conversely, as indicated above, when age-matched Gmm WT individuals were challenged with parasites in their 4 th blood meal, only 3% of flies became infected. Our discovery that mature Gmm WT adults are highly refractory to infection with trypanosomes, while their agematched aposymbiotic counterparts (Gmm Apo ) are highly susceptible, strongly implies that tsetse's microbiome modulates their host's ability to mount an effective immune response following challenge with parasites. More so, the fact that both Wigglesworthiafree (Gmm Wgm2 ; these flies still house commensal Sodalis and parasitic Wolbachia) [28] and Gmm Apo flies exhibit a similarly high susceptibility to infection with trypanosomes indicates that obligate Wigglesworthia, as opposed to Sodalis or Wolbachia, is the primary
Author Summary
Tsetse flies serve as a host to many micro-organisms. Specifically, this fly houses beneficial endosymbiotic bacteria, and can also serve as a vector of pathogenic trypanosomes across much of sub-Saharan Africa. Although flies feed on parasite-infected reservoir hosts, only a small proportion (1-5%) of individuals that acquire an infectious meal become infected and subsequently transmit disease to a naïve host. Several physiological factors, including tsetse's age, nutritional status and innate immune mechanisms, contribute to trypanosome infection outcomes in the fly. We demonstrate that tsetse's endogenous microbiome also impacts the fly's resistance to parasites. Specifically, we show that tsetse must harbor it's symbiotic bacteria during larval development in order to present a trypanosome-refractory phenotype during adulthood. These microbes appear to indirectly regulate the fly's ability to immunologically detect and respond to the presence of trypanosomes. One of the mechanisms by which these microbes regulate parasite transmission involves modulating the formation of a physical barrier (called the 'peritrophic matrix') in their host's gut. Our findings are indicative of the complex functional association that exists between tsetse's symbiotic microbes and host immune mechanisms that regulate trypanosome infection outcomes. (Table 2 ). Our finding that mature Gmm WT , Gmm WT/Sgm2 and Gmm WT/Apo flies are similarly resistant to infection with trypanosomes suggests that microbes present in the adult gut do not directly produce effector molecules, or modulate host production of effector molecules, that directly kill trypanosomes. Instead, these data suggest that the presence of the symbionts during larval maturation primes tsetse's immune system so that it develops and functions properly during adulthood.
Tsetse's immune response following challenge with trypanosomes depends on fly age and microbiome status
We determined that teneral tsetse flies are more susceptible to infection with pathogenic trypanosomes than are their mature counterparts. Additionally, we found that tsetse must harbor obligate Wigglesworthia during intrauterine larval development in order to overcome challenge with infectious parasites during adulthood. In an effort to better understand the association between these distinct phenotypes and the differential infection outcomes observed, we monitored the expression of immunityrelated genes at two physiologically relevant time points in teneral and mature Gmm WT adults, and mature Gmm Apo adults, that were either unchallenged or challenged with trypanosomes. We chose 24 hours post-challenge (hpc) as the 1 st time point to determine tsetse's initial response to the presence of trypanosomes in its gut. The 2 nd time point, 3 days post-challenge (dpc), was chosen because a bottlenecking event at this juncture dramatically reduces trypanosome viability in tsetse's gut [32, 33] . Our prior studies demonstrated that the Imd pathway is involved in tsetse's defense against challenge with pathogenic trypanosomes [9, 10, 17] . Thus, to investigate if trypanosome challenge activated the Imd pathway in teneral and mature Gmm WT adults, and mature Gmm Apo adults, we monitored expression patterns of the associated antimicrobial peptide (AMP) effector attacin, as well as two negative regulators, peptidoglycan recognition protein (PGRP-LB) and caudal, following parasite challenge. We also evaluated the role of Jak/stat signaling by monitoring the expression of domeless, which is the receptor for this pathway. Finally, as indicators of cellular and epithelial immune responses, we monitored the expression patterns of two thioester-containing proteins genes (tep2 and tep4), and dual oxidase (DUOX) and inducible nitric oxide synthase (iNOS), respectively. In insects TEPs presumably function as pathogenspecific opsonins that bind to foreign microbes and promote their phagocytosis or encapsulation [34] , while DUOX and iNOS serve as signaling molecules that are involved in the production of reactive oxygen species and activation of humoral immune responses [35] [36] [37] .
Expression patterns of the immunity-related genes identified above indicated that teneral Gmm WT adults present a highly attenuated immune response following exposure to trypanosomes at both 24 hpc ( Figure 1A ) and 3 dpc ( Figure 1B) . We argue that the immune system of teneral flies is relatively under-developed, and thus is capable of presenting only a weak response following challenge with trypanosomes. Interestingly, despite their weak immune response, ,50% of teneral Gmm WT adults are able to clear trypanosomes before they establish an infection in their host's gut. This finding suggests that the effectors we examined may be functional even at low concentrations and thus inhibited the establishment of infections in 50% of challenged flies. Furthermore, our data show that the expression of attacin, pgrp-lb and iNOS, all of which exhibit trypanocidal activity [38, 16, 18] , varies 4-fold among individual flies within the population we tested. Hence, individuals that express more of these immune molecules may be able to successfully clear their parasite infections while those with reduced levels can not.
We next compared expression patterns of the same immunityrelated genes in mature adult trypanosome-resistant Gmm WT and trypanosome-susceptible Gmm Apo flies. We found that at 24 hpc Gmm WT adults presented a latent immune response similar to that of their younger counterparts (Figure 2A) . However, by 3 dpc, the time at which parasite infections are typically beginning to clear [4] , genes that encode the AMPs Attacin and PGRP-LB, as well as those that encode the epithelial immunity-related molecules DUOX and iNOS, were expressed at significantly higher levels in mature trypanosome challenged adults compared to unchallenged Gmm WT adults ( Figure 2B ). These findings suggest that multiple immune pathways contribute to the parasite resistant phenotype presented by mature Gmm WT adults. Interestingly, Gmm
Apo flies responded differently to challenge with trypanosomes than did their WT counterparts. In this case expression levels of duox and inos, as well as the AMP attacin, were significantly higher at 24 hpc in challenged compared to unchallenged individuals ( Figure 3A) . By 3 dpc these same genes (as well as tep 4) were still significantly up-regulated in parasite challenged versus unchallenged individuals. However, their median expression levels were in relative decline, suggesting that the immune response of mature Gmm Apo adults was in remission at this time point ( Figure 3B ). We hypothesize that the delayed immune activation exhibited by mature Gmm WT adults following exposure to trypanosomes may reflect the fact that their gut epithelium is unable to detect immunogenic parasites until at least 24 hpc. In contrast, the relatively potent immune response presented by mature Gmm Apo adults early in the infection process (24 hpc) suggests that the gut of these flies is able to detect the presence of parasites, and immune eliciting parasite-derived molecules, more promptly than that of their wild-type counterparts. Based on these findings we postulated that tsetse's symbionts regulate temporal aspects of the fly's ability to recognize the presence of pathogenic trypanosomes in their midgut.
Gmm
Apo adults present a compromised peritrophic matrix, which may enhance their susceptibility to trypanosome infections
The midgut epithelia of most insects are separated from the gut lumen by a chitinous, sheath-like structure called the peritrophic matrix (PM). Presumed functions of the insect PM include regulation of digestive processes via passive control of digestive enzyme movement into the gut lumen, protection of midgut epithelial cells from environmental toxins and mechanical damage caused by ingested food particles, and prevention or reduction in the severity of pathogen infections [39, 40] . Unlike most insects, 'higher' Brachyceran flies, including tsetse and Drosophila, house a type II PM that is constitutively produced regardless of feeding status. In the case of tsetse, this structure is immature when teneral adults emerge from their puparium. However, within 96 hrs of emergence, adult tsetse present a fully formed PM [41] .
The PM from mature WT tsetse can be removed by gently grasping the structure with fine forceps and teasing it out of microscopically dissected midguts. Interestingly, we have found that when this procedure is attempted with age-matched Gmm Apo adults, the PM is difficult to grasp and readily breaks apart. This finding suggests that the PM of Gmm Apo flies may be structurally modified. Our results from experiments described above indicate that teneral Gmm WT adults, which lack a fully formed PM [41] , and mature Gmm Apo adults, are similarly susceptible to infection with trypanosomes (Table 1) . Thus, we hypothesized that tsetse's microbiome may modulate PM formation, which in turn affects trypanosome infection outcomes in this fly. supplemented with FITC-labeled dextran molecules (500 kDa). This procedure allowed us to visualize structural integrity of the PM by monitoring the movement of dextran through midguts of treated individuals. Six hours post-feeding, we observed that dextran molecules were contained within the PM of mature Gmm WT individuals. In contrast, an intact PM was absent from midguts of teneral Gmm WT and mature Gmm Apo adults, and a diffuse pattern of dextran molecules was observed in contact with surrounding intestinal epithelial tissues (Fig. 4B) . Taken together, these finding indicate that tsetse's larval microbiome plays a role in the development of the adult PM. More so, young Gmm WT and mature Gmm Apo adults may be unusually susceptible to trypanosome infection because they lack a fully developed PM.
Discussion
In the present study we provide data that further our understanding of the factors that modulate tsetse's immune response following challenge with pathogenic African trypanosomes. Based on our collective experimental evidence, we have developed a model that suggests tsetse's symbionts indirectly modulate their host's ability to detect and immunologically respond to the presence of parasites in their gut ( Figure 5 ). We found that trypanosome-susceptible teneral Gmm WT flies exhibit attenuated expression of immunity-related genes following exposure to trypanosomes. In contrast, mature Gmm WT flies exhibit a robust immune response, regardless of adult symbiont status, and are highly resistant to parasites. Additionally, we show that mature Gmm Apo flies, which are also susceptible to infection with parasites, exhibit robust expression of effector genes earlier in the infection process than do their refractory, age-matched Gmm WT counterparts. We speculate that this untimely immune response, which appears inefficient to kill trypanosomes, may occur because mature Gmm Apo flies present a structurally compromised PM that permits rapid detection of parasite antigens following their entry into tsetse's gut. This novel finding demonstrates that a strong correlation exists between tsetse's larval microbiome and the integrity of the emerging adult PM. Additionally, our results indicate that this structure regulates the timing of tsetse immune induction following parasite challenge. Taken together these findings are indicative of the complex interplay that exists between tsetse's endogenous microbiome and active and passive innate immune mechanisms that influence trypanosome infection outcomes.
In this study we determine that tsetse flies from our laboratory colony exhibit the 'teneral phenomenon' in that approximately 50% of individuals harbor midgut infections when their first adult blood meal contains infective trypanosomes. This relatively high infection prevalence we observed in teneral Gmm WT adults could result from several factors. First, this population is represented by individuals that express significantly different levels of trypanolytic effectors. Those flies that produce less of these molecules may present the parasite-susceptible phenotype we observed in half of teneral individuals. The second factor may involve tsetse's PM, which is constitutively-secreted by the fly's proventriculus organ [39] . Adult flies emerge from their pupal case without a recognizable PM. At this juncture, regardless of feeding status, the matrix begins developing so that by 3-4 days post-eclosion it lines the fly's entire midgut [41] . A recent study demonstrated that trypanosome infection prevalence in tsetse's midgut was inversely related to the length of the fly's PM, as midgut infection rates were found to decrease as the time between pupal eclosion and trypanosome exposure increased [7] . The teneral flies we used for our infection study were collected over a 48 hr time frame postemergence. Because these flies were not perfectly age-matched, the structural integrity of their PMs varied at the time of parasite challenge. Assuming that PM integrity interferes with trypanosome development in tsetse's gut, the population of trypanosomeinfected teneral adults we observed may represent more recently emerged flies. Another contributory factor that may induce a parasite-susceptible phenotype in teneral adults involves maternally-derived trypanolytic immune effectors. One such molecule, PGRP-LB, is transferred to larval tsetse via female milk gland secretions. The quantity of PGRP-LB present in a teneral adult's gut positively correlates with the density of Wigglesworthia present in the milk gland tissue of their mother [18] . Thus, we propose that trypanosome-susceptible teneral adults inherit less PGRP-LB from their mothers than do their refractory counterparts.
In contrast to teneral Gmm WT adults, which exhibit a relatively ineffective immune response, mature adult tsetse employ a potent and multi-faceted active immune response following challenge WT adults, and mature Gmm WT and Gmm Apo adults (n = 10 per group). Flies were administered modified blood meals (see Materials and Methods, sub-section 'Dextran feeding assay', for details) supplemented with 500 kDa FITC-labeled dextran molecules. Six hours post-inoculation, midguts were dissected and examined under a fluorescence-emitting dissecting microscope. Scale bar (which is the same for all 3 panels) = 500 mm. doi:10.1371/journal.ppat.1003318.g004 Figure 5 . Age and symbiont status modulate trypanosome infection outcomes in the tsetse fly. Approximately 50% of teneral WT tsetse flies become infected when challenged with trypanosomes. Flies at this stage of development exhibit an immature PM, and present a weak and innocuous innate immune response following parasite challenge. Some teneral tsetse flies are refractory to parasite infections, likely because they acquire more maternally-transmitted PGRP-LB than their susceptible counterparts. Mature Gmm WT flies present a vigorous immune response following challenge with trypanosomes and are thus highly resistant to parasite infection. In contrast, age-matched Gmm Apo flies, which undergo their entire lifecycle (including intrauterine larval development) in the absence of endogenous microbes, are relatively susceptible to trypanosome with trypanosomes that likely accounts for their refractory phenotype. Immune gene expression data presented in this study indicates that attacin, pgrp-lb, duox and inos are significantly upregulated in mature Gmm WT adults following trypanosome challenge. A major component of this response involves induction of immunodeficiency (Imd) pathway-associated AMPs (including Attacin). The importance of this pathway in trypanosome infection outcomes was demonstrated when AMP expression was stimulated via thoracic micro-injection with E. coli prior to per os inoculation with parasites. Tsetse that received this treatment were significantly more refractory to infection than were shaminjected controls [9] . More so, reverse genetic suppression of tsetse pgrp-lc and relish, which are components of Imd pathway, impeded induction of attacin and cecropin expression. This procedure led to an immuno-compromised phenotype characterized by a high prevalence of midgut trypanosome infections [10, 17] . Tsetse's gut also presents an epithelial immune response that appears to alter trypanosome infection outcomes in this fly. Tsetse's alimentary canal contains a distinct organ, called the proventriculus, which serves as a junction between the fly's foregut and midgut. This organ is presumably immune-responsive in that it produces cytotoxic reactive oxygen species (ROS), including nitric oxide and hydrogen peroxide, as well as Attacin and Defensin, upon microbial challenge [15] . ROS can exhibit direct anti-parasite activity, serve as signaling molecules that activate other immune pathways, and induce apoptotic cell death [37, [42] [43] [44] . Interestingly, trypanosome cell death can be dramatically reduced in tsetse when flies are fed a diet supplemented with a range of antioxidants [17] . This finding implicates tsetse-produced ROS as a component of the fly's trypanocidal immune response.
We found that mature Gmm Apo flies are significantly more susceptible to infection with trypanosomes than are age-matched WT individuals. Of note is our observation that parasitized Gmm Apo adults express significantly less pgrp-lb than do agematched refractory Gmm WT individuals. This finding corroborates those from a previous study, which demonstrated that Wigglesworthia-free tsetse express unusually low levels of this molecule and are highly susceptible to infection with this parasite [17] . Our data also indicate that Gmm Apo flies, like their refractory wild-type counterparts, up-regulate the expression of immunity-related genes (attacin, duox, inos and tep4) following trypanosome challenge. However, the timing of this response occurs earlier in the infection process in Gmm Apo compared to Gmm WT individuals. Trypanocidal effector molecules produced early in the infection process would become highly diluted in the large, potentially pH-unfavorable blood meal. Furthermore, following completion of a blood meal, tsetse rapidly excretes abundant fluid volumes via diuresis [45] , a process that would likely substantially decrease the quantity of soluble effector molecules present in the resulting trypanosomecontaining blood bolus. Cumulatively, these conditions may account for the trypanosome-susceptible phenotype presented by mature Gmm
Apo adults.
The comparatively early robust expression of immunity-related genes observed in mature Gmm
Apo adults led us to hypothesize that these flies have an altered ability to immunologically detect the presence of parasite-derived antigens. As a means of addressing this theory we investigated tsetse's PM, which separates the fly's gut lumen from surrounding epithelial cells. While this structure has been proposed to serve as a barrier that physically prevents trypanosome movement through tsetse's gut [46] , the genetic mechanisms that underlie PM-mediated parasite refractoriness in this fly have not been addressed. In fact, the first study to address the genetic association between the PM and host refractoriness to infection with an intestinal pathogen was recently performed using the fruit fly, Drosophila melanogaster [47] . In this case, Drosophila mutants that did not produce the protein Drosocrystallin (dcy) presented a PM that was approximately half as thick, and significantly more porous, than that found in wild-type flies. Interestingly, dcy mutants perished in unusually high numbers following per os inoculation with the entomopathogenic bacteria Pseudomonas entomophila and Serratia marcescens, as well as the poreforming toxin Monalysin (derived from P. entomophila). Furthermore, mutant flies expressed significantly more of the Imd pathway-associated AMP diptericin than did their wild-type counterparts following oral inoculation with P. entomophila. These observations led to the conclusion that Drosophila's PM influences host infection outcomes by modulating the fly's ability to detect the presence of pathogenic organisms and the toxins they produce.
Results we present in the current study indicate that tsetse's PM serves a similar regulatory role in this fly. Specifically, we suggest that tsetse's PM influences the fly's ability to immunologically perceive and respond following challenge with parasites. When tsetse consumes an infective blood meal, stumpy BSF T. brucei parasites that are adapted for development in the fly midgut quickly differentiate to become procyclic forms (the majority of incompetent slender form parasites perish). This process is marked by the complete replacement of the protein coat found on the trypanosome surface [3, 48] . Thus, the early immune response presented by mature Gmm Apo flies may result from BSF trypanosomes, and shed surface coat molecules, having unimpeded access to immuno-reactive gut epithelia in the absence of an otherwise obstructive PM. In support of this theory, a previous study demonstrated that under normal conditions insect stage procyclic trypanosomes are not microscopically detectable in tsetse's ectoperitrophic space (EPS, the area between the PM and midgut epithelial cells) until 6 dpc [33] . Additionally, our results presented herein, and those from a previous study [9] , indicate that wild-type flies that are old enough to present a fully formed PM display virtually no increase in the expression of AMPs until at least 24 hpc with BSF trypanosomes. Taken together, these results suggest that tsetse's PM does not provide a physical barrier to the passage of the parasites from the gut lumen to EPS. Instead we speculate this structure serves as a passive immune barrier that regulates tsetse's ability to immunologically detect and respond to foreign microbes in its gut. In this context, tsetse's PM likely also infection. Although mature Gmm Apo flies also up-regulate the expression of several immunity-related genes following trypanosome challenge, notably absent from this list is trypanolytic pgrp-lb. Interestingly, the timing of this response also occurs earlier in the infection process in Gmm Apo compared to Gmm WT individuals. We propose that this premature immune response results from the fact that aposymbiotic tsetse house a structurally compromised PM that allows these flies to detect parasites immediately upon entry into the fly's midgut. Our model suggests that symbiotic microbes present in larval tsetse modulate the ability of subsequent adults to produce an intact PM. In turn, this structure regulates trypanosome infection outcomes by controlling the timing of tsetse's immune response following parasite challenge. Other invertebrates, including D. melanogaster and Hirudo verbana (the medicinal leech), house phagocytic cells in their alimentary canal that engulf pathogenic organisms [55, 56] . We speculate that WT tsetse may house similar cells in it's digestive tract that assist in the fly's immune response against trypanosome challenge. PV, proventriculus; BT, bacteriome; GL, gut lumen; EPS, ectoperitrophic space; CP, crop; PM; peritrophic matrix; AMP, antimicrobial peptide; ROS, reactive oxygen species; PGRP-LB, peptidoglycan recognition protein LB. doi:10.1371/journal.ppat.1003318.g005
reduces physical contact between environmentally-acquired microbes and immune-reactive gut epithelia. This function would increase tsetse's overall fitness by preventing the induction of energetically costly immune responses that result in decreased host fecundity [49] .
The association between obligate Wigglesworthia and tsetse immune system development is well documented. Results from this study further emphasize the steadfast nature of this association by suggesting that tsetse must house Wigglesworthia during larval development in order to form a fully functional PM during adulthood. Interestingly, in other insects the PM serves not only as an immune barrier, but also a biochemical one that regulates digestive and reproductive processes [39, 40, 50] . Assuming tsetse's PM exhibits similarly diverse functional roles, interfering with the structure may be exploitable as a novel form of vector control that would operate in a redundant manner to reduce this insect's capacity to transmit deadly trypanosomes.
Materials and Methods

Ethical consideration
This work was carried out in strict accordance with the recommendations in the Office of Laboratory Animal Welfare at the National Institutes of Health and the Yale University Institutional Animal Care and Use Committee. The experimental protocol was reviewed and approved by the Yale University Institutional Animal Care and Use Committee (Protocol 2011-07266).
Generation of tsetse lines
Wild-type G. morsitans morsitans (Gmm WT ) were maintained in Yale's insectary at 24uC with 50-55% relative humidity. Throughout the manuscript, flies referred to as 'teneral' were unfed adults recently eclosed from their pupal case [7] , while those referred to as 'mature' were 8 days old and had received 3 blood meals. All flies used in this study were female.
Several tsetse lines that harbored modified microbiomes were also generated for experimental use (see Table S1 ). The 1 st , designated Gmm Apo , was derived from females treated with tetracycline (20 mg per ml of blood) to clear their entire microbiome. Additionally, tetracycline-treated females also received a diet supplemented with yeast extract (1% w/v) to rescue the sterile phenotype associated with the absence of Wigglesworthia [30] . Thus, Gmm Apo offspring developed in the absence of all symbiotic bacteria ( Figure S1A ). Finally, 2 additional tsetse lines, designated Gmm WT/Sgm2 and Gmm WT/Apo , were generated by feeding newly eclosed Gmm WT adults 3 blood meals containing ampicillin (100 mg per ml of blood) or tetracycline (80 mg per ml of blood), respectively. Thus, all of these flies underwent larval development in the presence of their complete microbiome. However, as adults, Gmm WT/Sgm2 individuals housed bacteriomeassociated Wigglesworthia and intracellular Wolbachia (but no Sodalis; Figure S1B ) while Gmm WT/Apo individuals were devoid of all symbiotic microbes ( Figure S1B ) [30] . All flies received defibrinated bovine blood (Hemostat Laboratories) every 48 hours through an artificial membrane feeding system [51] . 
Trypanosome infections
Analysis of immunity-related gene expression
Immunity-related gene expression was quantified in teneral and mature Gmm WT adults, and Gmm Apo adults, 1 and 3 days postchallenge (dpc) with trypanosomes. Sample preparation and quantitative real-time PCR (qPCR) were performed as described previously [30] . Amplification primers are listed in Table S2 . Quantitative measurements were performed on at least 4 biological samples (specific samples sizes are indicated in respective figure legends) in duplicate and results were normalized relative to tsetse's constitutively expressed b-tubulin gene (determined from each corresponding sample). Fold-change data are represented as a fraction of average normalized gene expression levels in trypanosome-infected flies relative to expression levels in corresponding uninfected controls. Values are represented as the mean (6SEM).
Peritrophic matrix histological analysis
We sectioned and stained midgut tissues from mature Gmm WT , Gmm
Apo , Gmm
WT/Sgm2 and Gmm WT/Apo adults in an effort to visually confirm PM structural integrity in these fly lines. To do so we collected guts (inclusive of the bacteriome through posterior midgut) from 10 day old individuals (n = 3 per tsetse treatment) 3 days after they consumed their last blood meal. Tissues were immediately fixed in Carnoy's solution (60% EtOH, 30% chloroform, 10% glacial acetic acid), embedded in agar (1.5%), dehydrated and cleared through a zylene and EtOH series, and embedded in paraffin [52] . Serial 5 mM tissue sections were cut mid-way through each midgut tissue with a rotary microtome and mounted on poly-l-lysine-coated glass slides (Richard-Allan Scientific). Prior to staining, slide-mounted samples were dewaxed through an additional zylene and EtOH series. Tissues were then stained with hematoxylin and eosin according to the manufacturer's protocol (Poly Scientific), and hard-mounted using Permount mounting solution containing toluene. Finally, samples were visualized under DIC optics using a Zeiss Axio Observer Z1 inverted microscope equipped with a Hamamatsu camera.
Dextran feeding assay
Dextran feeding assays were performed by employing a modified version of previously described protocols [47, 53] . In brief, 500 kDa FITC-labeled dextran molecules (Sigma) were dissolved in a 2.5% sucrose solution and filtered using PD MiniTrap Sephadex G10 columns (GE Healthcare). Tsetse (n = 10 teneral and mature Gmm WT , and mature Gmm Apo ) were inoculated with dextran by feeding flies a 2.5% sucrose solution containing 10% bovine blood and 10% filtered dextran molecules (1 mg/ml). Six hours post-feeding, midguts were dissected and FITC signal observed using a fluorescent dissecting microscope (Zeiss Discovery) equipped with a digital camera (Zeiss AxioCam MRc 5).
Statistics
Statistical significance of trypanosome infection outcomes between treatment groups, and treatment and control groups, was determined using Quantitative Parasitology 3.0 [54] . Statistical analysis of qPCR data was performed by Student's t test using Microsoft Excel software. 
Supporting Information
